Aerobic bacterial degradation of chlorobenzenes proceeds via a modified ortho cleavage pathway with chlorocatechols as key intermediates (4, 13, 26, 30, 33) . The chlorocatechol intermediates undergo an intradiol cleavage by a nonspecific catechol 1,2-dioxygenase ( Fig. IA) which is induced in the presence of chlorobenzenes. In contrast, methyl-substituted aromatic compounds such as toluene are normally metabolized by a meta cleavage pathway which involves extradiol cleavage of the methylcatechol intermediate ( Fig. iB) (12, 19, 27) . Although chloroaromatic compounds can be partially metabolized via meta cleavage routes, chlorocatechols accumulate and inhibit the ring cleavage enzyme (1, 15) . Similarly, degradation of methylcatechols by the ortho cleavage pathway often results in accumulation of methylsubstituted 4-carboxymethylbut-2-en-1,4-olides as dead end products (2, 16, 20, 27) . When bacteria are exposed to mixtures of chloro and methylaromatics, misrouting of the substituted catechols can result in cessation of growth (27, 28) . This problem becomes particularly apparent with compounds such as the chlorotoluenes, which contain both chloro and methyl substituents.
Bacteria that grow on p-chlorotoluene (p-CT) (2a, 35) and other chloro-and dichlorotoluenes (21, 35) have been reported; however, the metabolic pathways used during growth on these compounds have not been studied. Oxidation of p-CT to p-CT dihydrodiol and 3-chloro-6-methylcatechol by Pseudomonas putida was described by Gibson et al. many years ago (11, 12) , but the organism could not grow on p-CT, and the chloromethylcatechol accumulated in the medium.
Pseudomonas sp. strain JS6 grows on chlorobenzene or p-dichlorobenzene (p-DCB) as a sole source of carbon and energy (33) . Growth on chlorobenzenes involves conversion of the substrates to chlorocatechols by dioxygenase and dihydrodiol dehydrogenase enzymes (Fig. 1A) . The chloro-* Corresponding author. catechols are oxidized further by a catechol 1,2-dioxygenase, which opens the aromatic ring between the hydroxyl groups to give chloromuconic acids. Subsequent lactonization of the chloromuconic acids results in chloride elimination, and the resultant butenolides are hydrolyzed to the corresponding maleylacetic acids.
Further studies with JS6 (32) revealed that this strain also grows well on toluene. The ability of JS6 to grow on chlorobenzenes or toluene suggested that p-CT might also serve as a growth substrate if appropriate enzymes could be induced. JS6 did not grow on p-CT; however, spontaneous mutants able to grow on p-CT could be isolated readily. In this report, we describe the metabolic pathways involved during growth of the mutant strain on p-CT, toluene, and p-DCB. The difference in induction patterns of the enzymes involved provides an explanation for the increased substrate range in the mutant strain.
MATERIALS AND METHODS
Isolation and growth of bacteria. The isolation of Pseudomonas sp. strain JS6 was described previously (33) . P. putida Fl and 39/D were provided by David Gibson (University of Texas, Austin). Pseudomonas sp. strain JS21 was isolated as described below. Cultures were routinely grown at room temperature in a minimal salts medium (MSB) (34) . When cultures were grown on agar plates, a tube containing the volatile substrate was placed on the lid of the inverted plate or in a desiccator containing several plates. Small liquid cultures were grown at 30°C in MSB with volatile substrates supplied in the vapor phase as described previously (13) . Larger cultures were grown in a 2-liter benchtop chemostat (model C32; New Brunswick Scientific Co., Inc., Edison, N.J.) operated in the batch mode (13) . Volatile substrates were supplied in the vapor phase, and concentrations were adjusted by means of flowmeters (33 (12, 36) by Pseudomonas species. Compounds are as follows: 1, p-DCB; 2, 3,6-dichloro-cis-1,2-dihydroxycyclohexa-3,5-diene; 3, 3,6-dichlorocatechol; 4, 2,5-dichloro-cis,cis-muconic acid; 5, 2-chloro-4-carboxymethylenebut-2-en-4-olide; 6, 2-chloromaleylacetic acid; 7, toluene; 8, cis-1,2-dihydroxy-3-methylcyclohexa-3,5-diene; 9, 3-methylcatechol; and 10, 2-hydroxy-6-oxo-2,4-heptadienoate.
concentrations of 1.3 mg/liter for toluene, 0.59 mg/liter for p-DCB, and 0.26 mg/liter for p-CT. Concentrations of the substrate were measured in the influent and effluent air by gas chromatography (GC) and were increased as the cultures grew such that 80 to 90% of the influent substrate was always consumed by the culture. Growth on glucose (0.2% [wt/vol]) was in Erlenmeyer flasks incubated on a rotary shaker (model GS26; New Brunswick) at 200 rpm and 300C.
Enzyme assays. Cell extracts for enzyme assays were prepared as previously described (33) . Catechol 1,2-dioxygenase, catechol 2,3-dioxygenase, and cis-1,2-dihydroxycyclohexa-3,5-diene dehydrogenase (dihydrodiol dehydrogenase) activities were measured as previously described (33) . Molar extinction coefficients of substituted muconic acids were obtained from Spain and Nishino (33) and Dorn and Knackmuss (6) . The molar extinction coefficient of 2-chloro-5-methylmuconic acid prepared from 3-chloro-6-methylcatechol by incubation with cell extracts in the presence of EDTA was determined to be 12,600 M1 cm-' at 260 nm.
Extinction coefficients for the meta ring fission products were obtained from Klecka and Gibson (15) .
Dienelactone hydrolase activity was measured spectrophotometrically by following the decrease in A278 concomitant with the disappearance of 2-methyl dienelactone ( Respirometry and chloride release. Oxygen uptake and chloride release by washed cell suspensions were measured as described previously (13) .
Analytical methods. HPLC, GC, and capillary column mass spectrometry (GC-MS) were performed as described previously (33 3-Chloro-6-methylcatechol was prepared biologically from p-CT by the action of P. putida Fl (11, 12 ). 3,6-Dichlorocatechol was synthesized from 3,6,6-trichloro-2-hydroxycyclohex-2-en-1-one (17, 18) . Catechols were examined for purity by HPLC and GC-MS and further purified by HPLC when necessary. cis-1,2-Dihydroxy-3-methylcyclohexa-3,5-diene (cis-toluene dihydrodiol), p-CT dihydrodiol, 3,6-dichloro-cis-1,2-dihydroxycyclohexa-3,5-diene (p-DCB dihydrodiol), and 3-chloro-cis-1,2-dihydroxycyclohexa-3,5-diene (chlorobenzene dihydrodiol) were obtained as metabolic products from P. putida 39/D grown on arginine in the presence of toluene, p-CT, p-DCB, and chlorobenzene, respectively (10, 12) . The recrystallized from hexane and analyzed for purity by HPLC and GC-MS.
RESULTS
Degradation of p-CT by JS6. JS6 was unable to grow on p-CT as the sole source of carbon. When JS6 was grown on glucose in the presence of p-CT, HPLC analysis of the medium revealed the presence of three UV-absorbing metabolites. Two of the compounds were tentatively identified as p-CT dihydrodiol and 3-chloro-6-methylcatechol on the basis of HPLC comparisons with authentic standards. The third, more polar compound also accumulated in culture fluids of glucose-grown JS6 exposed to 3-chloro-6-methylcatechol. The appearance of this compound coincided with the slow disappearance of 3-chloro-6-methylcatechol from the medium.
Accumulation and identification of 2-methyl-4-carboxymethylenebut-2-en-4-olide. The polar metabolite was accumulated by successive additions of 3-chloro-6-methylcatechol to cultures of glucose-grown JS6 as described in Materials and Methods. Ethyl acetate extraction and HPLC purification gave a white powder with a melting point of 181 to 183°C. The UV spectrum had a maximum absorbance at 278 nm, which shifted to 250 nm when the pH was adjusted to 12.5. Subsequent acidification abolished the UV absorbance. The spectral and physical properties were identical to those of 2-methyl-4-carboxymethylenebut-2-en-4-olide (2-methyl dienelactone), described by Gaunt and Evans (7) as an intermediate in the metabolism of 4-chloro-2-methylphenoxyacetate by a pseudomonad.
The isolated compound gave the expected parent molecular ion at mlz 154 and a mass spectral fragmentation pattern ( Fig. 2 ) consistent with the structure of 2-methyl dienelactone. Further confirmation for the structure was obtained by conversion of the putative 2-methyl dienelactone to 2-methyl-4-oxo-2-pentenoic acid (methylacetylacrylic acid) by . The reaction was initiated by the addition of 3-chloro-6-methylcatechol (spectrum 1) or 2-methyl dienelactone (spectrum 3). Spectra were monitored until no further changes were detected (spectrum 4 in panels A and B), and the mixtures were acidified to pH 2.0 by the addition of HCl (spectrum 5 in panels A and B).
base hydrolysis and acidification (Fig. 4B) . When the experiment was repeated with cultures of glucose-grown JS6 exposed to p-CT vapor, a compound was isolated with UV and mass spectral properties identical to those of the 2-methyl dienelactone obtained from JS6 exposed to 3-chloro-6-methylcatechol.
Selection of a p-CT-degrading strain. p-DCB-grown cells of JS6 rapidly metabolized 2-methyl dienelactone as determined by HPLC analysis of the culture fluid, which indicated that p-DCB could induce the enzymes for metabolism of the lactone. This possibility was supported by the detection of dienelactone hydrolase activity in cell extracts of p-DCBgrown JS6 (Table 1 ). These results indicated that the inability of JS6 to grow on p-CT was partially due to a lack of induction of the enzymes necessary for metabolism of 2-methyl dienelactone. Therefore, we attempted to isolate mutant strains able to synthesize enzymes of the modified ortho pathway in response to the presence of p-CT.
Cells of p-DCB-grown JS6 were spread on MSB agar plates and incubated in a desiccator containing p-CT (0. Oxidation of aromatic compounds by cell suspensions. Washed cell suspensions of p-DCB-grown JS6 and JS21 rapidly oxidized p-DCB, toluene, and all of the substituted catechols tested (Table 2) . Toluene-grown cells of both strains oxidized toluene, catechol, and 3-methylcatechol. However, the chloro-substituted compounds were oxidized at much lower rates by toluene-grown cells of both strains. Glucose-grown cells of JS6 and JS21 did not oxidize any of the aromatic compounds, except 3,6-dichlorocatechol, at appreciable rates.
p-CT-grown cells of JS21 rapidly oxidized all of the chloro-and methyl-substituted compounds tested (Table 2) . However, the oxidation rates for the catechols were lower than those for p-DCB-grown cells of both JS21 and JS6. When glucose-grown cells of JS6 were washed, suspended in MSB (with or without glucose), and sparged with p-CT, oxidation of p-CT and 3-chloro-6-methylcatechol was not detected. This finding suggests that p-CT did not induce the enzymes for its degradation in JS6 but did induce the necessary enzymes in JS21.
Enzyme activities in cell extracts of JS6. Dihydrodiol dehydrogenase activity was present in cell extracts of JS6 grown on p-DCB and toluene ( Oxidation of 3-chloro-6-methylcatechol by cell extracts. When cell extracts of p-CT-grown JS21 oxidized 3-chloro-6-methylcatechol in the presence of EDTA and phosphate, a UV-absorbing metabolite (A271_273 of 14,200 M-1 cm-') accumulated. The spectrum was similar to that reported for 4-chloro-2-methyl-cis,cis-muconate (7, 8) and suggested the formation of 2-chloro-5-methylmuconic acid by the action of catechol 1,2-dioxygenase. Extracts prepared from cells of p-DCB-grown JS21 and JS6 gave the same results.
When 3-chloro-6-methylcatechol was oxidized by crude cell extracts in Tris buffer without EDTA, the UV absorbance due to the presumed 2-chloro-5-methylmuconic acid disappeared slowly and was replaced by a lower maximum at A250, which was abolished upon acidification (Fig. 3A) .
Identical spectral changes were observed when extracts prepared from p-DCB-grown JS6 or JS21 were incubated with 3-chloro-6-methylcatechol. A compound with similar spectral properties was obtained when 2-methyl dienelactone served as the substrate (Fig. 3B) . The spectral properties of the product were identical to those of the base hydrolysis product of 2-methyl dienelactone described as hydroxy-methylmuconate by Gaunt and Evans (7). The hydroxy-methylmuconate undergoes keto-enol tautomerism to yield 2-methylmaleylacetic acid as the major product (7, 8) . Our results suggest that 3-chloro-6-methylcatechol (Fig.  3A, spectrum 1 ) was converted to 2-chloro-5-methyl-cis,cismuconic acid (Fig. 3A, spectrum 2 ) and then to 2-methylmaleylacetic acid (Fig. 3A and B, spectrum 4) . Conversion of 2-methyl dienelactone (Fig. 3B, spectrum 3 ) to 2-methylmaleylacetic acid (Fig. 3B, spectrum 4) suggests that 2-methyl dienelactone is an intermediate in the conversion of 2-chloro-5-methyl-cis,cis-muconic acid to 2-methylmaleylacetic acid.
Maleylacetic acid readily decarboxylates in acid to form 4-oxo-2-pentenoic acid (acetylacrylic acid). In previous investigations, the isolation of acetylacrylic acid (3, 29) and chloroacetylacrylic acid (13) has been taken to indicate the presence of maleylacetic acid and chloromaleylacetic acid, respectively. Therefore, the oxidation of 3-chloro-6-methylcatechol by crude cell extracts of p-CT-grown JS21, described above, was carried out on a larger scale, and the product was extracted as before (13) . GC-MS analysis of the product revealed the presence of a compound with a mass spectrum identical to that of the compound obtained by base hydrolysis and subsequent acidification of the isolated 2-methyl dienelactone. The fragmentation pattern was consistent with that of methylacetylacrylic acid (Fig. 4) . These results support the view that 3-chloro-6-methylcatechol is converted to 2-methylmaleylacetic acid via 2-chloro-5-methylmuconic acid and 2-methyl dienelactone by enzymes in crude cell extracts of JS21.
DISCUSSION
Dioxygenase and dihydrodiol dehydrogenase enzymes catalyze the formation of catechols during growth of JS6 on chlorobenzenes (33) and toluene. These initial degradative steps are analogous to those described in the bacterial (12) . Gibson et al. reported the accumulation of 3-chloro-6-methylcatechol by a toluene-degrading P. putida strain exposed to p-CT (11, 12) . Further metabolism of 3-chloro-6-methylcatechol was prevented probably by inactivation of the catechol 2,3-dioxygenase by the chloro-substituted catechol (15) . Strain JS6 differs from the P. putida studied by Gibson et al. (11, 12) in that it can synthesize the enzymes of the modified ortho cleavage pathway in the presence of chlorobenzenes. The degradation of 5-chloro-3-methylcatechol via enzymes of the modified ortho cleavage pathway has been described previously (7, 8, 20) . Consequently, JS6 should be able to completely degrade p-CT if the modified ortho cleavage pathway can be induced.
Although JS6 did not grow on p-CT, we detected several intermediates, including p-CT dihydrodiol, 3-chloro-6-methylcatechol, and 2-methyl dienelactone, in the medium of glucose-grown cells exposed to p-CT. However, p-DCBgrown cells of JS6 readily degraded p-CT, 3-chloro-6-methylcatechol, and 2-methyl dienelactone, which further suggested that JS6 could grow on p-CT if the appropriate enzymes could be induced. An additional compound that accumulates when JS6 is grown on glucose in the presence of p-CT has been tentatively identified as 2-chloro-5-methylmuconic acid on the basis of mass spectral analysis of the purified product.
We isolated a mutant strain of JS6, designated JS21, which grew well on p-CT. Assays of key enzymes in crude cell extracts of p-CT-grown JS21 indicated that p-CT was me- tabolized via a modified ortho cleavage pathway (Fig. 5) analogous to that used for chlorobenzene (26) and the dichlorobenzenes (4, 13, 30, 33) . Thus, p-CT was converted to 3-chloro-6-methylcatechol by a dioxygenase and a dihydrodiol dehydrogenase. Spectral evidence demonstrated that p-CT catechol was converted to chloromethylmuconic acid, which underwent lactonization with loss of chloride to give 2-methyl dienelactone. Crude cell extracts contained a dienelactone hydrolase which converted 3-chloro-6-methylcatechol via 2-methyl dienelactone to 2-methylmaleylacetic acid, which was identified by mass spectrometry after chemical conversion to 2-methyl-4-oxo-2-pentenoic acid. Thus, the degradation of 3-chloro-6-methylcatechol is analogous to the degradation of 5-chloro-3-methylcatechol by bacteria described previously (7, 8, 20) . Aerobic degradation of methylaromatics by bacteria via ortho ring cleavage of methylcatechols was once considered unlikely, since this would result in the formation of 4-carboxymethyl-methylbut-2-en-1,4-olides as dead end products (16, 19, 27) . The inability of muconolactone isomerase to catalyze the shift of the double bond before ring opening has been implicated as the cause of the accumulation of 4-carboxymethyl-4-methylbut-2-en-1,4-olide (2, 16) . Recently, however, catabolism of methyl aromatic compounds via a modified ortho cleavage pathway has been demonstrated in eucaryotes such as Trichosporon cutaneum (22) and in bacteria (2, 19, 20, 27) . In T. cutaneum, accumulation of 4-carboxymethyl-4-methylbut-2-en-1,4-olide from 4-methylcatechol catabolism is circumvented by direct cyclization of 3-methyl-cis,cis-muconate to 4-carboxymethyl-3-methylbut-2-en-1,4-olide (22) . In contrast, ortho ring cleavage of 4-methylcatechol by bacteria results initially in the formation of 4-carboxymethyl-4-methylbut-2-en-1,4-olide (2, 19, 20) . Bacteria that degrade 4-carboxymethyl-4-methylbut-2-en-1,4-olide contain a lactone methyl isomerase which converts this compound to 4-carboxymethyl-3-methylbut-2-en-1,4-olide, which can be further degraded via a modified 3-oxidipate pathway (2, 19, 20 (Fig. 1B) . In this pathway, toluene is converted to cis-1,2-dihydroxy-3-methylcyclohexa-3,5-diene, which is metabolized by a dihydrodiol dehydrogenase to form 3-methylcatechol (10, 12, 36 The ratios of the oxidation rates for catechol and the chlorocatechols in p-DCB-and p-CT-grown JS21 suggest that only the type II and not the type I ortho pyrocatechase is induced during growth on these substrates (5, 26, 33) . Catechol 2,3-oxygenase is also present in cell extracts but is not active with chlorocatechols as substrates (33) . In this respect, Pseudomonas sp. strains JS6 and JS21 are similar to Pseudomonas sp. strain WR211 grown on 3-chlorobenzoate (25) , A. eutrophus JMP 134 grown on 2-methylphenoxyacetic acid (20) , and Pseudomonas sp. strain HV3 grown on 4-chlorobenzoate (14) , all of which contain both catechol 1,2-dioxygenase and catechol 2,3-dioxygenase. In contrast, only the enzymes of the ortho cleavage pathway were found in cells of A. eutrophus grown on 2,4-dichlorophenoxyacetic acid and 4-chloro-2-methylphenoxyacetic acid (20) .
The consistently lower levels of catechol 1,2-dioxygenase in p-CT-grown JS21 suggests that p-CT is less effective than p-DCB as an inducer of the modified ortho pathway in the mutant strain. The catechol 1,2-dioxygenase and dienelactone hydrolase activities in p-DCB-grown JS21 were consistently higher than in p-DCB-grown JS6. A possible explanation for these results is that the ability to grow on p-CT is due to an altered effector specificity of a regulatory protein resulting in enhanced discrimination of the substituents on the substrate or an intermediate in the degradative pathway. Thus, p-DCB or an intermediate that contains only chlorine atoms and no methyl substituent may be a better inducer in JS21 than in JS6. This is analogous to observations by Ramos et al. (23) , who found that mutants in which the xylS241 protein is activated by 2,4-disubstituted benzoates exhibit lower levels of induction by normal effectors. Alternatively, duplication of the genes encoding the modified ortho pathway or a critical portion of this pathway could have occurred so that even an inefficient inducer such as p-CT could result in levels of enzyme induction sufficient to permit growth of the organism. This would also result in enhanced levels of enzyme production by an efficient inducer such as p-DCB. Further studies on the regulation of the modified ortho cleavage pathway are necessary to determine what genetic difference allows JS21 but not JS6 to grow on p-CT.
